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The energy cr isis of the 1970's led to a considerable research 
effort in typical p-n junctions used in solar cells . However, there 
are several other types of · photovoltaic effects wor t:!¥  of investiga­
tion. '!Wo of these effects are of particular interest to this study. 
One of these is the Dember photovoltaic effect . This effect 
occurs in the bulk of the semiconductor and arises fran the· differen­
ces in hole and electron mobilities. It requires a semicomuctor with 
metal contacts exposed to light which is nonunifor .mly distr ibuted . 
A second type of photovoltaic effect of pa rticular interest is 
that which occurs in SChottky-barrier devices . These dev ices are 
created fran direct contact between a metal and a semiconductor. 
Recently several investigators have reported photovoltaic effects in 
SChottky-barrier devices and analyzed their behavior. 
During this investigation a previously unreported photovoltaic 
effect was observed for stannic oxide (Sn02) single crystals. The 
pr imary objective of this investigation is to veri� the 
reproducibility of this effect and to determine the extent to which 
the above mentioned theor ies explain the observed photovoltage. 
2 
OBJOCTIVES 
Specific objectives of this investigation were: 
1 .  To verify th e  existence of a photovoltaic effect for stan­
nic oxide single crystals with platinum contacts.  
2 .  'Ib study the effect of the surface potential barrier of 
stannic oxide on the photovoltaic effect. Variation of 
the barrier is acoomplished by heat treabnents in oxygen 
and nitrogen environments. 
3 .  'Ib understand the role of the metal contacts in the 
production of the photovol tage . 
3 
BACKGRCXJID LITERA'!URE 
The semiconductor material of prima� interest to this inves­
tigation is stannic oxide (Sn02) • It is the main constituent in 
natur� tin ore. 18 In its natural crystalline form it is called cas­
siterite. The �try of the Sn02 crystal is equivalent to that of 
the more well known rutile (Ti02) .
40 The unit cell of a single crys­
tal of Sn02 is shown in Figure 1. 
Stannic oxide in its pure form is an n-type metal oxide semi­
conductor. Its electrical conduction results fran the existence of 
point defects (oxygen vacancies and interstitial tin atoms) which act 
as donors. 27 Several investigations of both optical and electrical 
properties of Sn02 have been reported.
21 Miloslavskii23 obtained ac­
tivation energies of 0. 12 ev fran conductivity data in the temperature 
range of 150°C to 200°C, and electron densities of 1019 to 1020 crn-3 
for thin filns of natural Sn02• Khonke
15. reports values of 0.  72 ev 
for other natural crystalline samples of sna2 and electron densities 
of 1014 to 1015 cm-3 at roam temperature. Further, he reports a 
direct band gap of 3 . 5 4 eV from the short wavelength cutoff in trans-
mission data. This value can be compared to a value of 3 . 44 eV ob­
tained by Hurt and Khonke, 14 fran the maximum of the photoconductivity 
spectral response data. Samples grown in a cuprous oxide flux were 
found to have much smaller electron densities and displayed a direct 
energy gap of about 4. 0 ev. 12 
The initial stages of this investigation involved extensive 
study of the Dember photovoltaic effect. 'Ibis effect is named after 

5 
the German scientist H. Dember who first observed the effect using 
cuprous oxide crystals ccu2o) in the early 193 0's. 
5 The Dembe r  effect 
is a photovoltaic effect which does not require the presence of a 
potential barrier . He observed a photovol tage between two unequally · 
illuminated surfaces of a natural crystal of cuprous oxide . Since 
that tine there has been a limited amount of study on this p:trticular 
photovoltaic effect . One irrportant result is that a photovoltage can 
occur in a semicooouctor when one of the contacts is illuminated aoo 
the other is not. Dember interpreted that fact as evidence that no 
potential barrier was necessary for the production of a photovol taic 
phenanena. 
The maj or portion of Dember's or iginal work involved noting 
the effects of illuminating these cu2o crystals with different light 
sources . He essentially used three different light sources : a me rcury 
lamp, an arc lamp, and a tungsten filament lamp. The metal contacts 
to the crystal were made of brass. When the crystal was illuminated 
he observed photocurrents with a magnitude of 45 to 70 x lo-10 �res 
irmediately. 
Dember found the direction of cur rent flow to be the same as 
the light direction. When the light direction was reversed, the cur-
rent direction reversed as well. A major portion of his research in-
volved determining whether partial or direct illumination of the con-
tacts and crystal played a role in this cur rent reversal. In order to 
do this he mounted the crystal so that it could be rotated such that 
the light could be positioned at various points on the crystal. 
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After sane further investigations, Dember concluded that the 
light direction plays an essential role in the production of the ob­
served photovoltaic effect. He also observed that the creation of an 
emf inside the crystal can be produced only when the light is capable 
of freeing electrons so that they are able to diffuse inside the crys­
tal . . He further observed that the electron concentration is changed 
by light absorption along the light path. The electron concentration 
is a maximum at the entrance point of the light and then decreases in 
the. light direction in proportion to the amount of light absorbed in 
each unit volume. The concentration gradient produced in this way 
then drives the electrons in the same direction as the light. 
Finally, he concluded that this observation does not exclude a pos­
sible contribution due to a barrier layer. However, he felt this bar­
rier layer alone was not sufficient to explain the observed phenomena. 
This leads to a very important aspect of this investigation. That is, 
to determine whether the observed photovoltaic effect in Sn02 is a 
barrier layer or a bulk effect. 
The present-day conception of photovoltaic phenomena begins 
with the theory proposed by Mott24 in 1939 to explain the function of 
the cuprous oxide photocell. The fundamental idea of this theory is 
that a potential barrier exists in a semiconductor, the electric field 
of which prevents the·passage of majority current carriers but permits 
the passage of minority carriers to the metal. Mott ' s or iginal work 
was done with a cuprous oxide semiConductor with copper contacts 
ccu2D-C.I). In this case the major ity carriers in cu2o are the holes, 
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which have a p-type corxluctivity, and the �ority carriers are the 
electrons. Mott's fundamental ideas are used in a number of detailed 
theories of various photovoltaic phenanena elaborated on by several 
author·s .  
'!here has been no extensive research on the Dember effect 
since Dember reported his original results.  Investigators that have 
studied the Dember effect have found changes in Dember's original 
theory . In his work dealing with poor electronic corxluctors in 1933, 
Frenke!6 concluded that the potential difference generated with strong 
light absorption was due to the Dember effect. 
Previously, Dember had concluded that the presence of a bar­
rier layer is not essential in establishing a photovoltaic effect. 
Later investigators tend toward the idea that a photovoltage can be 
detected if the semiconductor is in sane way nonhomogenous. '!he 
37 results of work done by Tauc shows that- a photovol tage can be 
produced in a semiconductor if the semiconductor is nonhomogenous in 
the sense that its conductivity changes over its length. He found 
that if this change in conductivity occurs at distances smaller than 
the Debye length of the semiconductor , then potential barriers are 
produced and Mott • s general theory holds. Further work done by Tauc38 
shows that a photovoltage can be produced even when the change in con-
ductivity is so gradual that the junctions are neutral. '!his is con­
trary to Mott • s general theory since his theory requires space charges 
and strong electric fields . Tauc concluded that if neither local ized 
barriers nor contacts take part in the production of a photovoltaic 
8 
effect i� is then termed a bulk photO\Toltaic effect . Tauc further 
concluded that a non-rectifying metal semiconductor contact is 
essential for the Dember photO\Toltaic effect to be observed. However,  
he makes no reference to the generation of  an emf at the contacts be­
tween a metal and a semiconductor because the structure of the con-
tacts is quite compl icated and not completely understood . 
Ostrowski
2 9 studied the effect of space. charge on the Dembe r  
effect in a superficially illtuninated semiconductor sample . 'lb carry 
out his investigations he assumed that the incident light generates 
electron-role pairs (EHP) at the surface of the semiconductor only. 
That is, the light penetration depth equals zero . In addition to sur­
face generation, a surface recombination is allowed, so that only a 
fraction of the created carriers actually penetrate the Semiconductor . 
He also assumed that the sample thickness is much greater than the 
diffusion length, In· 'Ihus, in the limit- that the sample thickness 
approaches infinity, the concentration of excess carriers, [ln and LlP, 
can be taken as approaching zero values . 
For the steady-state case, Ostrowski found that the Dembe r  
voltage calculated with space charge taken into account is smaller 
than that using the neutrality theory . According to the neutrality 
theory, the Dember val tage appears the rooment the sample is il­
luminated . Finally, Ostrowski concluded that there was a marked in­
fluence of space charge upon the Dember effect, which he found to be 
the most pronounced during tine dependent processes . 
Goldman, et a19 investigated photovoltages produced in 
adS-type insulated c�stals excited by strongly absorbed radiation. 
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He states that the effects of a photovoltage are sanewhat lessened 
when the electrodes are connected directly to the semiconducting c�s­
tal because of the charge injection .introduced . He found that the 
Dernber voltage is best observed when the crystal is insulated fran the 
electrodes at both sides . Further,  he felt that the insulation may 
very sinply be the presence of chemisorbed oxygen at the surface of 
the semiconductor . 
In addition, Goldman states that the concentration of free 
electrons at the illtunina ted side of the sanple is lowered due to 
thermal diffusion. It is this lowered concentration of free electrons 
that results in the creation of an excess positive charge at the il­
luminated edge and is the cause of the Dember photovoltage . 
Patterson31 indicates that if an n-type semiconductor with oh­
mic contacts is partially illuminated so that the radiation falls on 
one half of the specimen, the photovoltage that may develop at the il­
luminated edge may be of such a direction and magnitude so as to near­
ly cancel out the Dernber effect . In making this observation he as­
sumed that the semiconductor had no space charge, that the excess 
electron concentration in the metal is controlled by a single carrier 
diffusion equation, and that the sample is sufficiently thin to make 
the problem one dimensional . 'lhese assumptions tend to be an over� 
simplification of the problem. 
10 
Scott and Reed
33 indicate that for the case of highly sensi­
ti ve photocorxluctors the Dember voltage may reach several hundred mil­
livolts. However,  with less sensitive photoconductors they indicate 
that the excess carrier concentrations are seldom large enough to give 
a Dember potential in excess of a few millivolts. 
These investigators modulated the incident radiation and 
detected the resulting AC voltage at the electrode. '!bey define the 
surface photovoltage as the change in surface barrier height produced 
by intense illumination of the free sernicooouctor surface. An 
electrometer connected to a stationary transparent electrode was used 
to measure the potential change at the surface upon illumination. For 
weak illumination intensities, they concluded that the Dember 
photovol tage is unlikely to be produced . 
Han and Anderson11 use the generation of the Dember field to 
explain the difference in open circuit voltage between �I-P and P-I-N 
amorphous silicon hydride solar cells . They found that the Dember 
field aids carrier collection in Nri-P cells but opposes carrier col-
lection in P-I-N cells. 
Takagi and Kawabe36 report a significant photovoltage detected 
in single crystals of an organic semiconductor 1 , 1'-diethyl-2 , 2 ' -
quinocyanine ('ICN:l) 2• '!he photovol tage was observed when the crystal 
was rionuniforrnly illuminated and was attributed to the Dember 
potential . 
Dalal and Rothwarf4 discuss the effects of the Dember field on 
measurements of solar cell quantum efficiency . The cells used were 
11 
made of a Cds/cu2s type material . '!hey found that as the intensity of 
light increases , electron-hole plasma tends to build up in the base 
layer . When the density of this plasma becomes comparable to the 
background density, the Dember field, which is due to a difference in 
electron and hole mobilities, tends to influence the quantum efficien­
cy. For example, the roobility of electrons in silicon is greater than 
that of roles . 'lhus , the electron "cloud" diffuses further into the 
crystal than the hole cloud. '!he net results is that the photo-
generated electrons encounter a "sea of electrons" in the base layer 
which tends to repel the diffusing electrons away fran the j unction. 
Alternately, the holes that are generated in the base layer are at­
tracted towards the j unction. 
As the present investigation progressed, it was found that the 
Dent>er effect did not totally explain the observed photoool tage . 
Thus , a study of photovoltaic effects in $Chottky-barrier diodes was 
undertaken to help understand the· observed effect . 
d. '11' 41 th t h . th th Accor l.ng to Wl. J.ams e exac rnec anJ.srns at govern e 
formation of Schottky barriers at the interface between metal and 
semiconductor are not completely understood . Thus continued study is 
necessary to help understam the particular mechanisms . The inves­
tigation becomes even more complicated when dealing with Schottky­
barrier photovoltaic effects . 
Ghosh, et a18_ worked with Sn02/si solar cells as Iilotovoltaic 
devices . '!he devices consisted of a junction between two semi-
conducting materials, Sn02 and Si . It performs like a metal-
12 
insulator-semiconductor device (MIS ) .  In the limit that the oxide 
layer is very thin, it also performs as a Schottky-barrier device. 
These SnO�Si solar cells were made by depositing sna2 onto a single 
crystal Si substrate using an electron beam. 'Ibis is done employing a 
low-temperature process in an effort to reduce degradation of carrier 
lifetimes. The barrier is located at the Sn02/Si interface which 
could result in reduced surface recombination and result in large 
short-circuit photocurrents. Further, it is possible for a thin layer 
of Sio2 to form at the interface dur ing processing. '!his oxide layer 
can affect the performance of the device. 
For the short-circuit photocur rent it is assumed that the 
electrons from the sna2 tunnel through the oxide layer at the inter­
face and recombine with the light-generated holes. If the oxide layer 
were too thick , then the light-generated holes may recombine with 
electrons in the Si which gives rise to a loss in photocur rent. 
Finally, these investigators conclude that if surface states 
do not interfere, the maximum open-circuit voltage is related to the 
difference in the work function between sna2 and Si . However,  it is 
also reported that an interfacial insulating layer may affect the dif­
fusion potential as well as the magnitude of the open-circuit 
photovoltage. 
Further investigation of the role of the interfacial layer in 
Schottky-barrier solar cells has been undertaken by SWami, et a1
35• · 
They have found that the interfacial layer is instrumental in reducing 
the dark cur rent, which tends to increase the open-circuit voltage and 
13 
the efficiency of the solar cell .  '!his is inportant because 
Schottky-barrier solar cells usually have a lower open-circuit voltage 
than ordinary p-n junction solar cells. 
· Further, these investigators inply that the interfacial layer 
plays an important role in deter.m ining the short-circuit cur rent, 
o�n-circuit voltage, and efficiency of the cell.  However, the exact 
role of the interfacial layer is not completely understood . 
Lue2 0 reports on the change in barrier height and cur rent 
transport phenanena with the presence of an interfacial layer in MIS 
Schottky-barrier solar cells . He found that when the dark cur rent is 
reduced the net result is an increase in the open-circuit voltage . 
'!his fact is further supported in the theory proposed by Klinpkel6 . 
Further, when the positive ions are introduced into the insulating 
layer, the barrier height decreases for n-type and increases for p-
type semiconductors . Finally, an increase in open-circuit voltage is 
also attributed to the decrease in tunneling by maj ority carriers be-
cause of the presence of an oxide potential barrier. 
Gutkowicz-Krusin10 studied the effects of recombination on the 
carrier collection efficiency of amorphous silicon hydride 
Schottky-barrier solar cells . In her investigation she determined the 
deperxlence of the collection efficiency on the nature of the contacts, 
the film thickness, the hole diffusion length, the absorption length, 
and the width of the depletion region. Further, she assumed di rect 
metal-semiconductor contact with no insulating layer.  She found the 
414150 
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drift car.riers dominated the diffusion current since the electric 
field acting on the carriers is large for narrow depletion regions. 
The thickness of the film also plays an inportant ·role in 
determining carrier collection efficiencies. For thick filns, a large 
fraction of the carriers are generated outside the depletion region. 
'Ibis is also the region of weak electric fields . The net result is a 
large probability of reoambination before the carriers are collected. 
Gutkowicz-Krusin found that there is an optimal thickness for rnaximdz­
ing the efficiencies of solar cells. 
Further results determined by Mottram, et a125 have . not shown 
any t.yi:e of sirrple correlation between the work function changes 
cau5ed by oxygen adsorption and the cor respoooing barrier height 
changes caused by the presence of oxygen at the interface . Gamer, et 
a17 states that the electrical behavior of Schottky-barriers is affec­
ted by the presence of an oxide layer.  However, little is known about 
the ef feet of the composition of the oxide layer on the electrical 
characteristics in the Schottky-barrier photovoltaic cell.  Thus, it 
is part of the scot:e of the present investigation to help explain the 
role of this oxide layer in sna2• 
15 
SEMICDNDUC!'OR AND PHO'IOVCLTAIC EFFECI' 'IHIDRIES 
Photayoltaic p-n Junction ttleocy 
In order to describe the creation of a photovoltage b¥ a p-n 
junction, a discussion of semiconductor· band theory and its relation­
ship to the p-n junction is appropriate. 
'!he energy spectrum of electrons in a semiconductor is com-
posed of continuous bands .  'Ibis differs fran tha t  of atans or 
rolecules, in which the energy spectrum is a set of discrete levels.  
'!be regions separating these bands are called energy gaps . '!he energy 
gaps are regions of forbidden energy in which no electron can exist . 
'Ibis is shown schenatically in Figure 2. 
/IIIII!!/ I I 
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Figure 2 • Semicondu�or Band Model 
E , N 
a a 
E = 0 
v 
where: Nd = density of donor states 
Ed = activation energy of donor states 
Ef = position of Fermi level 
Na = density of acceptor states . 
Ea = activation energy of acceptor states 
Ec = energy of the bottan of the conduction band 
16 
Ev = arbitra� zero and energy of the top_of the valence band 
'!he general Jrodel assumes that at absolute zero, all the 
electrons are in the valence band at or below energy � = 0. '!he band 
immediately above the valence band is the conduction band and it is 
totally void of electrons. A forbidden gap exists between these two 
bands . As the temperature of the semiconductor is raised, electrons 
are excited fran the valence band to the conduction band . These 
electrons which have been excited to the conduction band and the cor-
responding vacancies (holes ) contribute to electronic conduction. 
'!he general rrodel can become oore complicated due to the 
presence of impurity atoms or defects in substitutional or intersti­
tial points in the lattice . 17 It is possible for these inpurities or 
defects to have energy levels which exist within the forbidden gap. 
'nlese energy levels can then lead to donation of electrons to the con­
duction band or capture of electrons from the valence band affecting 
the conductivity .  If the level leads to a donation of electrons to 
the conduction band it is called a donor level and is described by �d 
and Ed. Levels which lead to a capture of electrons fran the valence 
band are called acceptor levels and are described by N and E • An · a a 
1 7  
n-type semiconductor is  one in which donor levels dominate the 
conduction process with electrons being the charge carriers. 
Conversely, a p-type semiconductor is one domina ted by acceptor levels 
and thus holes are the dominant charge carriers . 
When n-type and p-type materials are joined as shown in Figure 
3a, electrons diffuse into the p-region and holes diffuse into the n-
region. '!his leads to the formation of a SJ;BCe charge or depletion 
region as shoWn. '!he energies of electrons in the n-region are 
lowered by this charge distribution and those in the p-region are 
raised by an equal amount. Thus the potential hill is formed at the 
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(b) 
Figure 3. (a) The p-n Junction and, 
(b ) the Corresponding Band Diagram 
E v 
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In order to descr
·
ibe the resp:>nse of �n junctions to the 
optical generation of electron-role p!irs, the generation cur rent 
should be defined .  '!be generation current is the cur rent which oc­
curs dUe to the dr ift of minority carriers across a junction driven by 
the electric field created by the depletion region. 'Ibis generation 
current is balanced by an equal and oPfX)site diffusion cur rent when 
the junction is in equilibrium. However, when the j unction is il­
luminated by P1otons with energies greater than band gap (hv> Eg) , the 
nlJIIi:)er of minority carriers is increased leading to an increased 
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Figure 4 . 
R E 
Optical Generation of carriers in a p-n Junction; 
Absorption of Light by the Device 
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The generation rate of mdnority carriers is designated by g op 
(EHP/an3-sec). An assumption is generally nade that only carriers 
generated within one diffusion length of the junction are effective in 
producing the generation current since carriers outside of this region 
have only small probability of reaching the junction before recombina­
tion takes place . 
There are ALpgop holes generated per second within a diffusion 
length (�) ,of the transition region on the ri-side . Similarly, ALngop 
electrons are generated per second within a diffusion length (Ln) of 
the transition region on the p-side. '!he current that results fran 
these minority carriers being swept across the junction by the 
electric field is 
(1) 
Figure 5 illustrates the cur rent generated-on then-side of the 
junction. 
A 





Iop = q A� gop 
current I Resulting from EHP Generation 
op . 
Within a Diffusion Length of the 
Junction on the n-side 
The current of eqUation 1 subtracts from the total current 
fran p to n since it is directed fran the n to the p region. '!he 
ual d'od t' 34 . us 1 e equa 1on 1s 
D � · /t,ly1  I = qA (...£ p + - n...) (eqV, "'-.&. - 1) (2) L n L p p n 
20 
Equation 2 IIUst be JOOdified for an illuminated diode . '!he resulting 
current-voltage relationship for an illuminated diode is then, 
where: 
L L 
I = qA ( __£ p + _E. n ) ( e qV j1<r - 1) - qA g (L +L ) ( 3 )  � n �n p op p n  
q = charge of an electron 
A = area of junction 
L , L = diffusion lengths in the n- and p- regions respectively P n . 
� = lifetime of a free carrier 
D , D = diffusion constants p n 
p = concentration of holes in n-region 
n 
np = concentration of electrons in p-region 
k = Boltzmann ' s  constant 
T = temperature 
V = voltage 
Figure 6 shows that the I-V characteristic curve is lowered by an 
amount proportional to the generation rate when the diode is il­
luminated. Equation 3 may be considered in two p:trts:  (1) the curr�nt 
descr ibed by the usual diode equation (equation 2), and, (2) the 
current due to the optical generat1on. 
I 
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Figure 6 .  I-v Characteristics of an Illuminated Diode 
2 1  
v 
When the device is short-circuited (V=O) , the I-V characteris-
tics of Figure 6 cross the !-axis at negative values. This occurs be-
cause the thermal generation, injection, and recombination currents 
cancel in equation 3. Further, there is a resulting short-circuit 
current from n to p equal to I0p which is proportional to g0p. 
When there is an open circuit (I=O) across the device, the 
resulting voltage is 
V - kT ln [ Lp + In 1] . oc q �Lp"-e-p> Pn + (Lnf-rn>. � • gop+ (4) 
As the minority carrier density is increased due to the optical 
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generation of EHP, the lifetime of a free carrier becomes shorter, and 
the term Pr/�n becomes larger, assuming Pn is fixed for a given con­
centration and temperature. The limit on the open circuit voltage is 
the equilibrium contact potential, which is illustrated in Figure 7 .  
'!be contact potential is the maxim.un forward bias which can appear 
across a junction. '!be forward voltage that ap�ars across an il-
lumina ted junction is known as the photovol taic effect. 
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Figure 7 .  Effect of Illumination on the Open-circuit Voltage of 
a Junction: (a) Junction at Equilibrium, (b) Appearance 
of a Voltage Voc with Illumination 
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Semiconductor SUrface 'lheocy 
'!he general mxlel to be used in this investigation assumes 
that the samples are compensated n-type semiconductors with surface 
acceptor states arising fran the presence of chemisorbed· oxygen. 22 
Chemisorbed a tans or molecules form a chemical bond with the solid's 




Ed - ·-· - - - ·- - - - - - - - -
Ef --- - - - - - - -- - - - - - - -- - - - - - -
Forbidden Gap 
Ea - - - - -. - - -- - - - - - -- --
E = 0 v �--�-r���-r--r-��--������� 
Figure 8. Energy Band Model for an n-type Semiconductor 
The effect of the surface on a semiconductor is extremely 
inp:>rtant in understanding the mechanism involved with the observed 
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photovoltaic effect. " It is at the surface that the p:trticular 
semiconductor material may react chanically with its surroundings. 
Further, it is at the surface that a discontinuity in the lattice 
potential occurs causing an up.1ard bending of the energy bands at the 
semiconductor-gas interface. The states that arise due to this dis­
continuity can be·called intrinsic states. 
Of particular interest to this investigation is the effect of 
oxygen and nitrogen at the surface of the semiconductor. The general 
IOOdel pertaining to flux-grown stannic oxide crystals consists of at 
least three donor levels and at least one acceptor level with fairly 
high density. Kunkle18 asstmed the density of donor levels to be a 
function of the distance into the crystal and to have a constant 
ionization energy as measured fran the bottan of the conduction band. 
Because of the possibility of surface acceptors in the form of 
chemisorbed oxygen, the space charge regio� extends into the bulk of 
the crystal. Generally, the JOOst comroon effect of surface charge is 
to create a space charge region near the surface. '!he space charge 
region is the distance fran the surface of the semiconductor to a 
point inside where the electric field is reduced to zero. '!he effect 
of this chemisorbed oxygen is to immobilize electrons at the surface 
of the semiconductor which prevents them from contributing to the con-
duction process. 
Rutledge's model32 is applicable to heavily compensated semi-
conductors (i. e. n<Na<Nd , where n is the concentration of electrons) 
upon which chemisorbed gas states exist as filled acceptor levels. 
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Matthews22 and Rutledge32 .propose that oxygen is the active component 
for sno2 forming acceptor centers upon chemisorption. Figure 9 shows 
the effect of chemisorbed oxygen at the surface of the seniconductor .  
It illustrates the adsorption of an oxygen ion onto. the surface of the 
semiconductor and the trapping of conduction band electrons. 'Ibis 
mechanism decreases the ntmlber of available electrons in the conduc­
tion band and thus decreases the electronic conductivity . 
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Figure 9. Effect of Oxygen Adsorption on Conduction Band Electrons 
) 
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Matthews22 am Rutiedge32 have found the chemisorption process 
follows the Elovich rate law 
N = A  ln (t + t') (5 )  
where N is th e  ntmlber of mlecules adsorbed, t is time and A and t' 
are constants which depem on teqlerature and ntmlber of atans invol­
ved. Taylor am 'lbon39 have determined that this equation is ap­
plicable to a large body of data covering an extended range of the 
whole adsorption process. Low1 9 indicates that it has been repeatedly 
demonstrated that the Elovich equation has unquestionable widespread 
utility am is pr:ecise in reproducing kinetic data. 'Ihus, it has been 
adopted for present use in order to organize the data of chemisorption 
kinetics. 
What the relationship of equation 5 shows is that the number 
of atoms that adsorb onto the surface of a� semiconductor increase 
logarithmically with tine. Fquation 6 states that the dependence of 
current on the adsorption of oxygen atans will also be a logarithmic 
function of time, 
i = A + B ln (t + t') (6)  
where i is current, t is time, am A, B,  am t' are constants. 
A major complication arises due to these chemisorbed oxygens. 
It is the bending of the energy bands near the surface of the sampl� 
as illustrated in Figure 10. '!he bending of the energy bands causes 
the potential barrier to increase. � each electron must acquire 
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even more energy to overcome the potential barrier. 'Ibis leads to an 
increase in contact resistance. Since the process lowers the Fermi 
level, a decrease in bulk conductivity is also observed. '!be location 
of the surface states are not specifically shown on Figure 10 because 
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Figure 10. Modified Band Model Due to Surface Acceptor States 
Caused by the Presence of Chemisorbed Oxygen 
An opposite effect occurs when the crystal is heat treated in 
a nitrogen atmosphere. 'I\lnheim40 postulated that oxygen leaves the 
crystal during the treatment in nitrogen and thus it can be termed a 
reducing atmosphere. As the oxygen ions leave the surface of the 
crystal they release one or two electrons for each ion involved. '!be 
net effect is to raise the Fermi level closer to the conduction band. 
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TUnheim substantiated his proposed IOOdel by showing that the crystal 
gained weight when treated · in an oxygen atmosphere and lost weight 
when treated in a nitrogen atmosphere. He has also shown that this 
change in weight is reversible . 
A result of oxygen leaving the surface of the semiconductor is 
to free surface trapped electrons. 'Ibis leads to a decrease in the 
surface potential barrier and an increase in the Fermi level as shown 
in Figure 11. 'Ibis decrease in tq.e potential barrier increases the 
cooouctivity . '!he theory related to oxygen and nitrogen heat treat­
ments will be enployed in this investigation. 
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Figure 11 . 
I X = 0 




Schottky Photovolta ic Effect 'lbeocy 
Schottky-barrier dicxles are also known as metal semiconductor 
diodes. '!bey are based on the rectifying pro�rties of the Schottky 
barrier- . Figure 12 shows the behavior of the energy bands for a 
Schottky-barrier diode in the unbiased state. '!be work function, ¢ B' 
is defined as the height of the energy barrier at the surface . 
28 This 
function varies for different metals, but generally falls within the 
range 1 .5 - s.o ev . 
Metal n-� Semiconductor 
.
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Figure 12. Energy Band Diagram for an Unbiased Schottky-barrier 
Diode in Equilibrium 
The rectification properties of these diodes are similar to 
those of the �n junction. '!he main difference arises because the 
Schottky diode does not exhibit minority carrier charge storage 
capacitance which is observed for an ordinary p-n junction diode . 
'lbe SchG>ttky-barrier diode is also kncwn as a hot carrier or a 
surface-barrier diode . 13 Before contact, the Fermi levels of the met-
al and semiconductor do not fall at the same energy value. After 
contact is made between the two materials they become a single 
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therroodynamic system . '!here must then be a single Fermi level for the 
system. 
Before contact, the free electrons in the semiconductor are 
generally at higher levels of energy thari in the metal . '!his follows 
directly fran the fact that the Fermi level in the semiconductor is 
higher · than in the metal . When an electrical contact is made, the 
higher energy electrons will tend to lower their energy b¥ flowing 
into the metal . 'Ihe net effect is that the semiconductor will have a 
positive electrostatic charge . This net positive charge then tends to 
lower the energy bands . Since electrons have flowed fran the semicon-
ductor to the metal , the energy levels of the semiconductor are 
lowered, and those of the metal are raised . The electrons that have 
entered the metal remain on the surface and are attracted to the net 
positive charge present there. The presence of the surface charge of 
-
electrons in the metal and the ionized donors of the semiconductor 
form the potential barrier after contact . 'nle height of this barrier 
is determined by how nuch the energy bands of the semiconductor are 
lowered and how nuch those of the metal are raised after the electrons 
flow into the metal . '!he electrons flow until an equilibrium is 
reached and the Fermi level of the semiconductor is the same as the 
Fermi level of the metal . 
Photovoltaic cells may consist of metal-semiconductor barriers 
rather than p-n junctions . The operation of a metal-semiconductor 
photovoltaic cell, or Schottky-barrier photovoltaic cell, will now be 
illustrated through the use of energy level diagrams . Figure 12 shows 
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a metal-semiconductor contact without bias and without illlmlination. 
'!his is the case for no current flow across the barrier . It is 
assuned that the barrier is high enough so that no electron inter­
change is permitted across the top of the barrier . 
Figure 13 shows the sarre diode under illumination, with its 
terminals open-circuited . Since the diode has been open-circuited, no 
cur rent can flow. '!be net result is the photovol tage V f which is 
equal to the difference between the position of the Fermi level in the 
metal and the Fermi level in the semiconductor . '!be obvious cause of 
this photovoltage is the excitation of the electrons fran the metal to 
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Figilre . 13 . Schottky-barrier Diode Under Illumination with Its 
Terminals Open-circuited 
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An illuminated SChottky diode under the application of a 
short-circuit is shown in Figure 14.  Under this condition maxinum 
current is generated with zero voltage existing across the SChottky 
diode. 
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Schottky Diode Under Illumination with Appl ication 
of a Short Circuit 
I;ember Photovoltaic Effect Theory 
A potential photovoltaic effect that has been intensely inves­
tigated during this study is the Dember photovoltaic effect . '!be 
Dember effect occurs within the bulk of the semiconductor crystal. 
Generally, it a�ises when one type of carrier (either electron or 
hole) predominates in the semiconducting crystal and is excited by 




�amlin and Pleskov26 present a mathematical description of 
the Dember current and voltage . A sunmaz:y of their results, including 
a derivation of the Dember voltage follows. 
It is useful to begin with the expression that relates the 
electric current to the concentration of free carriers. That is 
The total current is given by 
i = i + i p n 
= q ( nlln + Pllp) E0 + kT ( ll n : - llp � 
where:  q = charge of an electron 
n = electron concentration 
p = hole concentration 
: = concentration gradient of electrons 
� = concentration gradient of holes 
k = Boltzmann ' s  constant 
T = temperature 
11 n = electron mobility 
ll p = oole mobility 
Eo = Dember electric field 
( 8) 
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The total current equals zero for steady-state conditions with 
illumination. O'le can solve for the Dember electric field, �, by 
setting the total current in equation 8 equal to zero. This yields 
dn � 
--kT 11 n ax - 11p dx En q n 11 + p 11 ( g )  n p 
In the bulk of the material ,  usually several diffusion lengths, the 
concentration of excess carriers vanishes and �n = � p. Then dp/dx = 
dn/dx and equation 9 can be rewritten in the form 
-kT 11 n - 11p , E = - -D q n 11 n + p 11p 
dn 
dx ( 1 0 )  
�, the bulk conductivity of the sample is given by,  
( 11 )  
Differentiating equation 1 1  with respect to the x-coordinate yields, 
dO' B dn 
dx = q ( 11 n  + 11p) dx ( 1 2 )  
Equation 12 can be solved for dn/dx. By substituting this quantity 
into equation 10,  the quantity dn/dx is eliminated. '!he Dember field 
becomes 
-kT 11 n  - 11p 
ED = -q ( 11 + 11 ) a B  n P 
da B 
dX (13 ) 
The denaninator of equation 13 was obtained through equation 
11. Integrating equation 13 yields the potential difference that 
arises x=� kT 11 n - 11p ln (o: ill) V = - J dx = - - -oO  q 1 1  1 1  (J 0 � n + �P B ( 14 )  
where cr B
0is the dark cooouctivity of the sanple and is given by 
0 0 0 cr B = q ( l-Inn + llp p ) ( 1 5) 
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'Ibe cooouctivity of the sample at the point x = r,_ under illumination 
is given by 
0 
cr ill 
= cr B 
+ t1 J 
SUbstitution of equations 15 and 16 into equation 14 yields ,  
1<I' V = -D q 
ll E -
ll + n 
which simpi ifies to 
kT l-IE -Vo = q l-In + 
lln 1n 
l-Ip 
l-In t1 cr  
l-Ip (J 0 B 
for the case when 6cr < < cr B 
0• 
(1 + t1 cr ) 
(J 0 
B 
( 16)  
( 1 7) 
( 18 )  
Pankove3 0  uses a sirndlar argument and arrives at a sirndlar ex-
pression for the Dember voltage given by . 
V = kT b-1 ln t + (b+l ) MJ D q b+l bn + p 0 0 ( 19 ) 
In the absence of conductivity data, equation 19 terns to be a sane-
what roore useable expression. Here b is the ratio of the highest to 
lowest mobilities . If the roobilities of electrons and holes are 
equal , then b ::. 1 and the Dember photovoltage is zero. Usually the 
IOObility of the electrons is greater than that of the holes and the 
Dember voltage is not much greater than kT/q. 
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'!he Dember voltage terxls to be indeperXient of other effects 
that may occur at a surface barrier. It is vie.wed as an additional 
canponent which may add or subtract fran the photovoltage generated at 
the barrier . 
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EXPERIMENTAL ME'IHODS AND ANALYSIS TECHNIQUES 
The crystals used in this investigation were previously 
prepared b¥ investigators at South Dakota State University3 and at 
Okl� State University . 18 All the crystals used were prepared by 
the flux method of crystal growth. A flux is a material which lowers 
the melting point of the substance with which it is mixed . '!he flux 
method of crystal growth is one in which the crystals are grown fran a 
supersaturated solution. '!hat is, the solution contains 100re of the 
solute
· 
than it can hold in equilibrium with the solid . '!he particular 
solution that was used for the crystal growth was a mixture of two 
par�s of cu2o to one part . sna2 • '!his solution was then placed in a 
furnace and heated to a temperature of approximately 110D-1300°C.  
'!his temperature was maintained for several oours, and then decreased 
a few degrees every hour . 
Five different crystals were used. in this investigation, each 
approximately l-3nm in length. They will be referred to by nl.IIIDer 
(1, 2 , 3 , 4 , 5 ) . Crystals 1-4 had not undergone any � of treatment 
previously. Crystal 5 had a pink color initially which is probably 
due to excessive oxygen exposure during the growth process.  '!he other 
crystals were tr ansi;arent. Some of the crystals used contained black 
veins. These veins were probably due to cuprous oxide entrapped 
dur ing the growth process. However, after several cleanings these 
black veins were removed fran all but crystal 5 .  
The crystals were cleaned using an aqua regia solution each 
time before they were used. Aqua regia consists of a mixture of 
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approximately two parts HCl and one part HNJ3 • '!he cleaning procedure 
consisted of an approximate 2-3 oour bath in aqua regia, followed by a 
20 minute rinse in acetone, and finally a 10 minute rinse in methanol . 
'!he crystals were stored in methanol until ready for use . 
'!he sample holder that was used in this investigation is 
diagrcuntred in Figure 15 . It consists of a quartz tube with an adjus­
table quartz inner tube in which the crystal was placed . '!he crystal 
was secured between two platinum electrodes. One end of the quartz 
tube . remained stationary while the other end was adjustable . 'Ibis al­
lowed for more accurate placement of the crystal between the . 
electrodes . '!he electrodes were always cleaned with acetone before 
the crystal was positioned in the sample holder .  'lhe ends of each 
crystal were sanded as smoothly as possible to allow for better con­
tact with the electrodes . '!he sample was placed in the holder with 
the long axis (c-axis )  perpeooicular to the direction of the light. A 
sliding black shield was fitted to the exterior of the �le holder . 
'lhus the amount of light striking the crystal could be regulated . 'lhe 
black shield was used because according to the Dember theory , the 
crystals should be p:irtially illuminated . 'lhe sample holder was 
roounted between two metal stands and was then connected to a digital 
voltmeter as shown in Figure 16 . A IIErcury lamp was used which emits 
ultraviolet light. '!his was chosen because its energy is close to the 
band gap energy of Sn02 • '!he lamp was covered with a black shield, . 
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Figure 16 . Schematic Diagram of Experimental Apparatus 
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'!be experiment was conducted inside a Faraday cage . A Faraday 
cage is a large copper cage which is useful in el iminating electranag­
netic noise . Further, the entire circuit was grounded to the Fa·raday 
cage . 'Ibis was a necessary precaution since the measuranents sought 
were extremely sensitive . In addition, a long coaxial cable was used 
to replace the original cord to the lamp to further eliminate any un­
wanted electranagnetic noise fran the light itself.  A switch was 
placed in the cable line, which was extemed outside the cage . 'Ibis 
allowed for the light to be turned on and off fran outside the cage . 
'Ibis was advantageous because the presence of a person near the ap­
paratus tended to cause instabilities and fluctuations in the read­
ings . 'Ihese fluctuations were probably due to body capacitance or 
static electric effects .  
'!he maj ority of the readings were taken with the aptBratus in 
dim window light . '!be roan lights were kept off during the measure­
ments. 'lb test the effect of the ambient light on the measurements, 
several trials were taken with the sample holder and the TN light 
shielded by a light tight box. These readings showed no notable dif­
ference fran those taken in the presence of window light. All sub­
sequent readings were thus taken with no special precautions. 
The readings themselves were taken by carefully positioning 
the light near the sample holder, turning the light on and off 
repeatedly, and noting the results. There were sane sl ight effects 
due to the switch itself, but these were generally quite negl ible . 
careful positioning of the crystal in the sample holder is crucial . 
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Relative hmnidity values were mnitored each day a measurenent 
was taken. '!his was done since JOOst of the readings were taken dur ing 
the Sllmiier roonths when the relative hwnidity nay be high . '!here was 
concern that excessive hwnidity might cause a buildup of mnolayers of 
water on the surface of the crystal , increasing the potential barrier . 
Further, these mnolayers of water could then prevent the esca:pe of 
electrons to or fran the crystal which would result in a decrease in 
observed effects . '!Wo silica drying gel containers were obtained and 
used . each time measurenents were taken under the light tight box. 
'Ibere were no noticeable changes in the readings when the silica gel 
was used. 
After several neasuranents were taken on the untreated crys­
tals, crystal 4 was randomly selected for heat treabnents 
·
in both 
oxygen (air)  and nitrogen atmoSiileres. Heating the crystal has the 
effect of "fixing" the particular treabnent. 
For the treatments in oxygen, the crystal was placed inside a 
quartz tube which was then inserted into a furnace. '!be furnace was 
calibrated using a resistance thernaneter bridge . '!be crystal was 
treated for 3 hours at a temperature of approximately 600°C.  '!be 
quartz tube and crystal were rapidly removed fran the furnace in order 
that pro� r quenching of the crystal could occur . After heating, the 
crystal was a slightly pink color . A series of neasurements were then 
taken on the oxygen heat treated crystal . 
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After measurementS were taken with the treated crystal , it was 
heat treated in a nitrogen atmoSiflere. '!he experi.nental app:tratus for 
the nitrogen heat treatment is shown in Figure 17 . '!he crystal was 
placed ·inside a gas-exchange chamber .  'Ibis appiratus was connected to 
a vacuum pump and to a nitrogen supply, as shown in the diagram. '!be 
vacuum pump was used to evacuate the air fran the charrber.  '!ben a 
positive pressure of about 2-3 psi of nitrogen was supplied to the 
chamber dur ing the heating process. nrr ing this process, the crystal 
and gas-exchange appiratus were placed inside the furnace . '!he crys­
tal was heated for 3 oours at a tanpe rature of approximately 770°C. 
After heating the crystal was again renoved irmediately fran the fur­
nace to pranote rapid quenching. 
It should be noted that the length of heating tine and the 
tem�ratures used were sanewhat randomly chosen. This was done with 
the intent to discover j ust how long and at what tan�rature the crys­
tals must be heated to either increase or decrease the potential bar­
rier at the surface of the sample .  'lhus, different heating tines were 
investigated. The choice of tanperature is not as crucial . 
After heat treating the crystal in nitrogen it was observed 
that the crystal had returned to its original clear state. Again, a 
series of neasurements were taken with this crystal before any further 
treatments were �rformed. 
Following the nitrogen treatment, the crystal was again heat 
treated in an oxygen atmosthere. .Ebwever, the treatment tine was 
reduced to 20  minutes at approximately 6 00°C. This was done, in part, 
Sanple 
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Figure 17 . Schematic Diagram of C�stal Heat-treatment 
Apparatus 
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to help determine whether the effects · of these heat treatments are 
reversible . Similar heat treatments were also carried out varying 
treatment tine and tanperature for the other crystals of this study . 
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RESULTS 
The first objective of this investigation was to prove the ex­
istence of a photovoltaic effect in stannic oxide with platinum con­
tacts . Crystal 2 was chosen for this task as it was slightly larger 
and thus easier to position in the sample holder.  A nl.BIDer of trials 
were taken with this crystal partially illuminated. The results of 
these tr ials showed a mean value of photovoltage varying between 0 .1 
am 1 .  0 nfJ, as shown in Table 1. The results proved consistent which 
indicates that a definite effect was observed, although the magnitude 
varied considerably with the crystal positioning in the sample holder .  
r.t>st of the measurements taken on the untreated sna2 crystals 
were taken with partial illumination of the light incident on the 
crystals .  This was done in accordance with the original Dember 
photovol taic theory . However, readings were also taken with the crys­
tal totally exposed to the light to test this assumption. The results 
for total exposure showed no significant photovoltages produced . 
Further, readings taken with the crystal totally exposed would fluc­
tuate, sanetines very wildly . However, with the crystal partially il­
luminated, very stable readings were obtained. These readings indi­
cated a possible bulk photovoltaic effect, such as that described in 
the Dember theory . However, this does not eliminate a possible con­
tribution due to the Schottky ef feet . The unstable readings could be 
explained by equal and opposite photovoltages being produced at the ­
contacts which may cancel the expeCted effect . 
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Table 1.  Mean Photovoltages for Untreated Ctystal 2 
Nunber of Mean Standard 
Trials Photovoltage (mV) Deviation ( J.D ) 
8 0 . 6 0 . 4  
5 0 . 9  0 . 3 
7 0 . 1 0 . 1  
10 0 . 2 0 . 1  
13 0 . 1 0 . 1  
10 0 . 8 0 . 3  
ll 1 . 0 0 . 4  
10 0 . 7 0 . 4 
15 0 . 8 0 . 2 
12 0 . 4 0 . 4  
6 0 . 5 0 . 4 
12 0 . 4  0 . 3 
6 0 . 1 0 . 1  
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On days when the relative humidity was very high (>90% ) no 
significant values were measured.  'Ibis failure was attributed to  ex­
cessive monolayers of water which collected on the surface of the 
crystal . 'Ihus, data was collected on days when the relative htnnidity 
ranged from approximately 40 to 70% . 
'Ihe results for these untreated crystals show photovol tages in 
the 0 . 1 to 2 . 0 ntV' range . Similar results were obtained for crystals 
1,  2 , 3 ,  and 4, as shown ii1 Table 2 . However, no significant results 
were obtained with crystal 5 .  This was due to the fact that crystal 5 
had been previously exposed to oxygen during the growth process. As 
the results that follow show, no significant data is found for a crys­
tal which has. been heat treated in an oxygen atmosphere. Further, af­
ter several cleanings in aqua regia, crystal 5 still naintained a 
black streak which indicates the presence of cuprous oxide inclusions. 
After treatment in nitrogen for several hours , the crystal still dis­
played a pink color . '!his is most 1 ikely due to an excess of chrornitnn 
impurities . 40 
A portion of this investigation dealt with determining the ef­
fects of various heat treatments on the observed photovoltage . '!Wo 
types of heat treatments were studied in this investigation: (1) heat 
treatment in an oxygen atmosphere and (2 ) heat treatment in a nitrogen 
atmosphere.  
An additional part of this investigation was to determine 
whether or not these heat treatment effects were reversible . In order 
to do this, alternate oxgyen/nitrogen heat treatments on various 
49 
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crystals were studied . Crystal 4 was randomly selected to undergo the 
initial heat treatments in both the oxygen and nitrogen atmospheres . 
The results of these various treatments on crystal 4 are shown in 
Table 3 .  Photovoltages in the 0 .5 rrf.l range were observed with this 
crystal before any treatments were begun. The crystal was initially 
treated in air for 3 hours at a temperature of about 6 00°C.  After 
this treatment the crystal took on a pink color fran the changing of 
cr
2+ 
into cr3+ due to electrons being captured by the near surface 
oxygen. 40 Readings then taken with this treated crystal resulted in 
no significant observed photovoltages .  
The sample was then heat treated in a nitrogen atmosphere for 
3 hours at a temperature of approximately 770°C. _Results of the 
measurements taken after this treatment indicate significant photovol-
tages varying between 0 .2 and 2 .4 rrf.l. Again each trial , which 
represents a repositioning of the sample,_ -gives wide variations in 
magnitude for the ooserved photovoltages .  
To determine if the oxygen/nitrogen heat treatments were re­
versible, crystal 4 was heat treated in an oxygen atmosphere for 20 
minutes at a temperature of approximately 600°C. The crystal again 
displayed a pink color . SUbsequent measurements reveal no significant 
photovoltages were produced. The data indicates a treatment time of 
20 mdnutes produces the same effect as a treatment time of 3 hours.  
The data further supports the reversibility of these heat treatment 
effects. 
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Table 3 .  Heat Treatment �ta for Crystal 4 
Treatrrent Number of Mean 
Tenperature (°C) Trials Photovoltage (mV) 
600 12 0 . 0  
600 12 0 . 0  
770 11 0 . 2  
770 11 0 . 4  
770 10 0 . 2  
770 10 0 . 2 
770 11 0 . 2  
770 13 0 . 2 
770 12 1 . 4 
770 12 1 . 1 
770 12 1 . 1 
770 12 0 . 2  
770 12 0 . 9  
770 i 12 2 . 4  
770 12 1 . 7 
770 11 1 . 4  
600 12 0 . 1 
600 12 0 . 1 
600 12 0 . 0  
600 12 0 . 0  
600 12 0 . 0 
600 12 0 . 0  
600 12 0 . 0  
Standard . 
Deviation . ( :W ) 
0 . 1  
0 . 1  
, 0 . 1  
0 . 2  
0 . 2  
0 . 1  
0 . 1  
0 . 2  
0 . 3  
0 . 1  
0 . 1  
0 . 1  
0 . 5  
0 . 4  
0 . 5  
0 . 5  
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 1  




Crystal 2 was chosen to further test the effects of heat 
treatments in oxygen and nitrogen atmospheres . The results of various 
treatments are given in Table 4 .  The data shows that a treatment time 
of 3 ho�rs in oxygen at a temperature of· approximately 770°C results 
in no significant photovol tages . 
The temperature was lowered to 500°C for the treatment in 
nitrogen. This was done to test the effect of temperature on the 
treatment process .  The data shows no significant photovoltages 
produced when crystal 2 was treated in nitrogen at S00°C for 10 
minutes or for 30 minutes . When the treatment time was ext� to 50 
rninu�es the data indicates significant pbotovoltages were produced . 
Tb further verify the reversibility of these h�at treatments 
in alternate oxygen/nitrogen atmospheres crystal 2 was again treated 
in oxygen for 6 0  minutes at S00°C.  After treatment no significant 
photovol tages were produced as shown in Table 4 .  Thus alternate heat 
treatment effects in oxygen and nitrogen are reversible . 
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Table 4 .  Heat Treatment Data for Crystal 2 
Treat:nent Nurrber Mean 
Tanperature (°C) of Trials Photovoltage (mV) 
770 12 0 . 1  
770 12 0 . 1 
770 12 0 . 1 
770 12 0 . 1  
500 11 0 . 1  
500 11 0 . 1  
500 11 0 . 1  
500 11 0 . 0  
500 12 0 . 1  
500 12 0 . 1  
500 10 0 . 3 
500 10 0 . 1  
500 10 0 . 2  
500 11 0 . 0 
500 
i 
11 0 . 0 
500 11 0 . 0  
Standard 
Deviation ( lo ) 
0 . 1  
. 0 . 1 
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 1 
0 . 1  
0 . 1  
0 . 1 
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 1  





Results of this investigation verify the existence of a 
photovoltaic effect in stannic oxide single c�stals with platinum 
contacts . '!he data indicates photovoltages varying fran 0 . 0 to 2 . 4  nY 
depending on prior heat treatments in oxygen and nitrogen atmospheres . 
C�stal heat treatment in an oxygen atmosphere gave no significant 
photovoltages .  C�stal heat treatment in a nitrogen atrooSI:tlere gave 
photovoltages . in the 1 .0 to 2 .4  rrY range . Alternating these 
oxygen/nitrogen treatments demonstrated reversibility in these 
effects . 
'Itle roost probable . explanation of these effects is a Schottky 
barrier created by the platinum/stannic oxide interface of the crys­
tal . 'Itlis would explain the variation in photovoltage with heat 
treatments since the surface potential barrier can be roodified in that 
manner . An increase of the barrier heigh€ from oxygen adsorption 
could very easily explain the disappearance of the photovoltage since 
the barrier energy could be raised above the metal Fermi energy by an 
amount greater than the photon energies . '!be results of nitrogen 
treatment can be explained since it decreases the surface potential 
barrier and allows electron excitation over the surface potential 
barrier . 
'!be variation in photovoltage with the repositioning of the 
crystal also supports the above explanation. Each time the crystal · 
position is changed the contact conditions are changed drastically and 
thus the excitation of electrons will be affected together with the 
55 
associated contact resistance . Although results of this study do not 
rule out a possible contribution due to the Dember effect, they do 
suggest that it cannot be the major factor . It would be highly im­
prOOable for a bulk effect to show the observed heat treatment effects 
and positioning effects since no such · results have been reported in 
the p:1st. 
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SUGGESTIONS FOR FUR'IHER S'IUDY 
It is suggested that this study be exteOOed to allow for 
simultaneous heat�treatment, illumination of the c�stals, and 
measurement of the photovoltaic effect . · In order to do this a more 
elaborate gas-exchange chamber must be built. A special furnace would 
be needed to allow for exposure of the crystal to the light source 
while it is being heated . '!his type of apparatus would allow the 
measurement of the photovoltaic effect while the heat-treatment is 
being carried out . 
Further, it is suggested that the above mentioned equipnent be 
used in conjunction with heat-treatments in other atmospheres, such as 
helium and hydrogen. It is suggested that light of different 
wavelengths be used for illumination of the crystals. '!his could be 
achieved through the use of a ronochranator or tunable laser .  In ad­
dition, this would allow one to study how beat treatment affects the 
wavelength at which the photovoltaic effect can be observed . In that 
manner, it may be possible to measure the change in the surface poten­
tial barrier with heat treatment. 
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